Cubic ice I c is metastable, yet can form by the freezing of supercooled water, 9 vapour deposition at low temperatures, and by depressurizing high-pressure 10 forms of ice. Its structure differs from that of common hexagonal ice I h in 11 the order its molecular layers are stacked. This stacking order, however, 12 typically has considerable disorder; that is, not purely cubic, but alternating 
Introduction 1
It has been proposed that cubic ice I c plays an important role in various natural phenomena 2 such as cloud formation in the atmosphere [1] [2] [3] [4] [5] [6] [7] [8] and crystallization from amorphous ice in 3 astrophysical processes [8] [9] [10] . But, I c is not a stable form of ice; it spontaneously 4 transforms into stable hexagonal ice I h as it grows. Fundamentally, the chemical potential 5 of I c exceeds that of I h at all temperatures, but its smaller interfacial energy allows its 6 formation free energy to be less than that of I h for crystals smaller than a critical size [11] ,
The two crystal structures differ in their stacking sequence, as shown in Figure 1 . The 11 hexagonal I h has a periodic stacking sequence of two bilayers, labelled 'A' and 'B', 12 whereas I c has three bilayers, labelled 'A', 'B', and 'C'. As we use the hexagonal crystal 13 nomenclature, it is clearer to first describe the transformation from hexagonal to cubic. Figure 1 . A dislocation mechanism for the reversible transformation between hexagonal ice 3 I h and cubic ice I c . Balls and sticks show the oxygen atoms and the hydrogen bonds, respectively: 4 (a) and (c) for the I h structure projected on a prismatic plane {112 � 0} and on a basal plane, 5 respectively, and (b) and (d) for the corresponding projections of the I c structure. Bimolecular 6 layers A-A′, B-B′ and C-C′ are simply designated bilayers A, B, and C, respectively. 7 Reversible transformation between I h and I c can be made by glide motion of a partial dislocation 8 with a Burgers vector p i (i=1, 2 or 3) along the basal slip plane S between the bilayers A and B. The 9 bilayer A turns into a new bilayer C by this glide motion, transforming I h to I c , and vice versa for 10 the transformation from I c to I h . The same transformation occurs by the glide motion along the slip 11 plane S′although the arrangement of partial dislocations differs from S as shown in Figure 9 . 12 13 14 This annihilation process takes place by the partial dislocations moving along the basal 15 planes. We consider here just the three lowest-energy partial dislocations. These three, 16 shown in Figure 2 , are energetically preferred due to their having the smallest Burgers 17 vector b in each direction (parallel, perpendicular and inclined to the basal plane) [18, 19] . vector c/2+p i (i.e. (1/6) < 022 � 3 >) inclined to the stacking-fault plane. Both (b) and (c) are sessile 6 because those Burgers vectors are not parallel to the stacking fault (basal) plane (i.e., mass 7 transport is required to move these dislocations). Small filled-and open-circles indicate oxygen 8 atoms in the cubic and hexagonal structure, respectively. A, B and C attached to each bilayer 9 corresponds to that in Figure 1 . H and K represent the hexagonal and cubic sequence, respectively. 10 An H-bilayer is always sandwiched by the same bilayers A, B or C, whilst a K-bilayer is 11 sandwiched by different bilayers. 12 13
Consider the stacking-fault energies. By measuring the shrinkage rates of dislocation 
Background (2): Extended dislocations
2 3
The stacking fault described above has a small enough energy to stabilize all types of 4 dislocations in ice I h by dissociating into two partial dislocations lying on a basal plane. Frank type (Burgers vector c), the width is 129 nm. As their generation and motion along 31 basal planes require mass transport, these dislocations are less important in 32 low-temperature processes, yet become active at higher temperatures [18, 19] Shockley partial dislocation turns two bilayers from H to K as shown in Figure 2 (a).
19
Assuming a grain size equal to the maximum extended-width of 57 nm for perfect 20 dislocations with Burgers vector a, the resulting dislocation density is about 10 16 m -2 .
21
Although much larger than that in well-aged ice, the dislocation density could be nearly arrays. The misorientation angle θ equals 2.5˚ and angle between c 1 and c 2 is 0˚.
12
As a result of this particular sub-grain structure, the widely extended screw dislocation 13 array has a new sub-grain between the two partial dislocation arrays as shown in Figure   14 4(b). Here the misorientation depends on the edge component of the Burgers vector of the 15 partial dislocations. In particular, the misorientation angle θ for the tilt sub-boundary is However, according to ordinary dislocation theory, the separation w decreases with 19 increasing θ (i.e., decreasing D) for an array of extended dislocations (e.g. [22] ). According w Ne should roughly equal to w e multiplied by the number of partial dislocations in the array.
8
In the case of Figure 4 (a) (i.e., N=2), for example, the equilibrium separation w Ne equals 9 5w e provided that 2D < 5w e . Thus, in contrast to the case with an infinite dislocation array,
10
the stacking fault can extend much more than w e as the sub-grain size increases.
11
For a very large N, by equating γ f2 and f N (w), we obtain two values of w Ne . One value 12 follows from the above approximation and the other value is close to that predicted by the 
18
The stacking disordered state can be thought of as an arrangement of extended Consider first the formation of dislocations in ice. A rapid change of pressure or 8 temperature (e.g. from depressurization or rapid freezing) causes large stresses in I h that 9 introduce many dislocations of all possible Burgers vectors [19, 21] . In particular, a 10 dislocation with Burgers vector a, which plays a key role in plasticity of ice I h , can be 11 generated by uniaxial compression (or tension) inclined to the c-axis, but not by uniaxial Consider the annealing (or ageing) of a stacking-disordered ice, or equivalently, a 13 fine-grained polycrystalline ice with a high dislocation density. To reduce their stored 14 energy, the dislocations rearrange and annihilate. During this process, the total area of the 15 associated stacking faults decreases, transforming the ice to a stable state of ice I h . Here, we consider the elemental dislocation processes that may be active in the climb motion is required to move the extended dislocations normal to basal planes.
42
However, stacking faults prevent climb motion of partial dislocations, and therefore double 43 jog formation is required. layer long, it is a super jog. 10 11 Climb motion can proceed through double jog formation. First a short part of the 12 extended dislocation shrinks to a perfect dislocation (Figure 10(a) ), and then it can bow out 13 due to an attractive force from partial dislocations (i.e., 3 and 4, or 3′ and 4′ in Figure 9 ). In Although it is shown by a line here, the perfect dislocation with Burgers vector a is actually an 12 extended dislocation with a width w e . 13 14 force obtained by the above mentioned experiments. In this case, the Shockley partial 15 dislocation glides at average velocity Vg on the basal plane, with magnitude proportional to 16 the shear stress τ applied on the dislocation: Upon annealing (or ageing), stacking faults can be annihilated through motion of the 17 sub-boundaries (e.g. Figure 6 (a)). Such motion is a key part of sub-grain growth, and thus 
27
If a specimen has a sub-grain structure such as that in Figure 7 , the mechanism 28 described above will remove all extended dislocations as well as stacking faults. As a result, rates between these fast and slow cases. If the partial dislocations that bound the stacking faults are absorbed by the grain boundary, 11 the stacking faults extend across the entire grain (e.g. Figure 6(b) ). Such a grain structure 12 can be obtained as a result of the sub-grain growth described above because a sub-grain The Frank−Shockley type dislocation is also required for the transformation. As the although the process requires three K-bilayers, which then transform into two H-bilayers.
5
Geometrically and energetically, this seems less likely to occur than that of the 6 Frank-Shockley type. And as this type cannot annihilate isolated single K-bilayers, we 7 consider only the Frank−Shockley and Shockley types in the following calculations. We view stacking disordered ice as a sub-grain structure composed of extended although it is difficult to formulate such complicated processes. Instead, here we calculate 17 the annihilation rate of partial dislocation arrays for the fastest case shown in Figure 7 .
18
The four sub-boundaries 1 to 4 in Substituting Equation (4) into f of Equation (2) For the ice I c formed by depressurization from ice V, the cubicity slightly decreased . Then, the annihilation temperatures g ′ were calculated by the same 6 method, and for the same parameters, as those for T g , and are included in Table 1 . The 7 resulting temperature is about 12-14 K higher than T g . This result may help explain 8 observed delay in the annihilation of stacking faults after significant sub-grain growth has 9 occurred. However, as all these processes with glide motion occur below 180 K (Table 1) , 10 another process or processes must slow the transformation. One such slow, rate-limiting 11 process may be the motion of the jogged dislocations. However, this motion may not be the 12 slowest part of the transformation.
13
The slowest process of the transformation is likely the annihilation of extended 14 dislocations by climb motion. As described in Section 2.5.1, formation of the constricted Figure 10 (c), includes a jog height 6 A 0 B′ in (b). Table 2 show that annihilation by climb becomes including faulted dislocation loops, must remain. The resulting cubicity will be roughly 19 proportional to the dislocation density. To annihilate all stacking faults, all dislocations 20 would have to be removed from ice sample, which cannot occur. Thus, the resulting 21 hexagonal ice I h will contain some cubic stacking sequences.
23

Transformation through annihilation of stacking faults 24 25
Consider the transformation rate on annealing (or ageing) the grain structure described in 26 Section 2.5.3 and also shown in Figure 6 
where n is Poisson's ratio, µ the shear modulus, b p the Burgers vector length, and α a core 5 parameter [22] . Then, we obtain the shrinkage rate of G-loop r as The resulting shrinkage rate of G-loops increases rapidly as the loop radius r decreases 11 below 1 µm, due to the first 1/r term. But at larger r, the second constant term on the right 12 side of Equation (9) dominates the rate, and the shrinkage rate becomes constant. At a 13 fixed r, the shrinkage rate is sensitive to temperature. For example, with an initial 14 loop-radius (or grain radius) of 5 µm, the transformation of bilayers is completed within 15 one second at 250 K, but over a month at 160 K.
16
For the lower bound of the transformation rate from the Shockley partial dislocation,
17
we consider the sweep by a straight 30˚-partial dislocation across the ice grain. This case is 18 considered because such a dislocation would arise from a perfect screw dislocation, and a 19 screw dislocation moves much slower than other perfect dislocations [19, 29] . When a 20 straight 30˚-partial dislocation lies along the Peierls trough (i.e., parallel to a), as shown in 21 Figure 12(c1), the velocity of the Shockley partial dislocation has a minimum, being equal 22 to the second term in Equation (9) values shown in Figure 13 . In this calculation, the value M 0 was set to twice the value 25 obtained for a perfect screw dislocation because it dissociates into two 30˚-partial 26 dislocations.
27
As a result, the annihilation rates of the stacking faults by the Shockley partial 10 11 The second transformation mechanism to consider is the shrinkage of a Frank−Shockley 
Transformation by Frank−Shockley partial dislocations
µ n α α γ p n       −   ≈ + +         −         ,(10)
17
For diffusion-controlled dislocation climb, the shrinkage rate of a C-loop can be 18 expressed by given by Equation (7) with values for b p , b n , n, α, and µ all being the same as those for the 6 G-loop, then one gets the shrinkage rates of C-loops plotted in Figure 13 . The shrinkage 7 rates of the C-loops are more than two orders of magnitude less than those of the G-loops, 8 but become larger than the lower bound (G-lines) at smaller radius r. 9 10 3.3. Annihilation time of the stacking faults 11 12 To address the calculated annihilation times of the stacking faults, we first examine the 13 annihilation times for the partial dislocation arrays by glide motion tg and for the extended However, as discussed in Section 2.5.3, the nucleation rate of C-loops must be much 17 smaller than that of G-loops. Then, the transformation by C-loops may continue to a higher 18 temperature until C-loops nucleate on the remaining K-bilayers. Therefore, the annihilation temperatures [1, 13, 16, 17, 38] . Specifically, Table 3 shows that the temperature T i at which dislocations sweeping the faulted basal planes (see Section 3.2).
11
In the former case, the transformation releases the stored energy in the dislocations E d .
12
As The complex behaviour of the stacking disorder in ice discussed by Malkin et al. [14] 7 may be understandable if we consider the above behaviour of dislocations at an elevated 8 temperature. As a result of the nature and behaviour of self-interstitials and dislocations in 9 ice I h , the complex behaviour of the stacking disorder may arise from the route of 10 formation and thermal history, not necessarily from the unknown complexity of ice 11 suggested by Malkin et al. [14] .
An anomalous stability of the stacking-disordered state was found by Morishige et al. by which the stacking fault will be annihilated.
28
Anisotropic stresses on the ice, which likely depend on pore shape, may alter the 
Summary and conclusions
39
The structures of stacking disorder in cubic ice I c has been revealed experimentally including partly cubic or stacking-disordered ice, and its transformation to hexagonal ice I h .
43
This dislocation mechanism is based on the experimentally determined crystallite sizes of 
